Objective. Bone loss in arthritis is a complex process characterized by bone erosions and periarticular and generalized bone loss. The antigen-induced arthritis (AIA) model is mainly used to study synovitis and joint destruction, including bone erosions; however, periarticular bone loss has been less extensively investigated. The objectives of this study were to characterize and establish AIA as a model for periarticular bone loss, and to determine the importance of NADPH oxidase 2 (NOX-2)-derived reactive oxygen species (ROS) in periarticular bone loss.
Inflammatory arthritis is characterized by massive infiltration of mononuclear and polymorphonuclear cells into the joints, resulting in synovitis, destruction of articular cartilage, and bone loss (1) . Such bone loss includes 1) bone erosions affecting the subchondral bone and bone at the joint margins, 2) periarticular bone loss adjacent to the inflamed joints, and 3) generalized osteoporosis (2, 3) . Periarticular bone loss is a characteristic feature of early arthritis but has not been studied as extensively as bone erosions and generalized osteoporosis.
The mechanisms involved in inflammationmediated bone loss in arthritis are only partly understood, and several different cell types are implicated. Osteoclasts, derived from hematopoietic stem cells, are responsible for bone resorption. The presence of macrophage colony-stimulating factor (M-CSF) leads to increased proliferation and survival of osteoclast precursor cells, as well as up-regulated expression of RANK in these cells (4) . RANKL, which is expressed by synovial fibroblasts (5), osteoblasts (6) , osteocytes (7) , and activated Th cells (8) , stimulates RANK, which leads to osteoclast formation (9) . The interaction between RANK and RANKL is inhibited by the decoy receptor osteoprotegerin (OPG), which is ubiquitously expressed.
The presence of M-CSF and RANKL is essential for osteoclastogenesis to occur; however, osteoclastic bone resorption is enhanced by inflammatory cytokines such as tumor necrosis factor ␣ (TNF␣), interleukin-6 (IL-6), IL-1, and IL-17 (10) (11) (12) (13) . Synovial macrophages are also important in inflammation-mediated bone loss due to their prominent number in inflamed synovial tissue and are, together with neutrophils, key cells producing inflammatory cytokines and chemokines that attract and activate T cells (14, 15) . Activated Th cells comprise a large proportion of the invading cells in inflamed synovial tissue and may therefore be of importance in pathogenesis (16, 17) . Th17 cells, a subgroup of the Th cells implicated in the pathogenesis of arthritis (18) , produce the inflammatory cytokines IL-17 and RANKL, both of which are important in osteoclastogenesis.
The roles of NADPH oxidase (NOX) and reactive oxygen species (ROS) in autoimmune diseases such as rheumatoid arthritis (RA) have been intensively studied (19) . Neutrophils and macrophages phagocytize antigens and, as a direct response, produce ROS, which are essential for the activation of proteolytic enzymes and the prevention of antigen diffusion (20) . ROS are well-known immune promoters (21) , and it has been shown, experimentally, that excessive production of ROS may lead to accelerated joint destruction and osteoclast activation (22) (23) (24) . However, it has also been shown that limited ROS production in Ncf1-mutated mice, caused by impaired NOX-2 function, results in enhanced disease severity in several different animal models of arthritis (25, 26) . Thus, the exact role of ROS in arthritis is not completely understood.
In the present study, we used the antigen-induced arthritis (AIA) model to examine the influence of inflammatory arthritis on periarticular bone loss. This model is characterized by leukocyte infiltration and synovitis, together with bone and cartilage destruction, and shows several clinical and histopathologic features similar to those in human RA (27) . The aim of this study was to investigate periarticular bone loss in AIA and to study the associated effects on local cellular distribution in bone marrow and synovial tissue. Finally, we used the AIA model to determine the importance of NOX-2-derived ROS in periarticular bone loss.
MATERIALS AND METHODS
Animals. The ethics committee for animal experiments at the University of Gothenburg approved this study. Female B.10QNcf1* / * mice with a point mutation in the Ncf1 gene (26) , corresponding control B.10Q mice, and C57/BL6 mice (Scanbur) were maintained (5-10 mice per cage) under standard environmental conditions and fed standard laboratory chow and tap water ad libitum.
Induction of arthritis. C57/BL6, B.10QNcf1* / *, and B.10Q mice were immunized with 0.2 mg of murine bovine serum albumin (mBSA; Sigma-Aldrich) dissolved in phosphate buffered saline (PBS) and emulsified with an equal volume of Freund's complete adjuvant (Sigma-Aldrich). A total volume of 100 l was injected intradermally at the base of the tail (50 l on each side). After 7 days, the mice received a second injection of 0.3 mg of mBSA dissolved in 30 l of vehicle (20% distilled H 2 O, 80% saline) into the knee joint (arthritic side). The other knee was injected with vehicle and used as an internal control (nonarthritic side). A comparison of C57/BL6 mice with AIA and C57/BL6 mice without AIA (naive mice) was performed to control for systemic effects of the mBSA injection. In the naive mice, saline was used for both the intradermal and the local knee injections.
Histologic examination. Fourteen days after the primary immunization, the mice were anesthetized with ketamine/medetomidine (Pfizer), bled, and killed by cervical dislocation. Knees from the C57/BL6, B.10QNcf1* / *, and B.10Q mice were separately placed in 4% formaldehyde, decalcified, and embedded in paraffin. Sections were stained with hematoxylin and eosin, and an examiner (CE) graded synovitis and joint destruction in a blinded manner. Synovial hypertrophy was defined as a membrane thickness of Ͼ2 cell layers (28) . A histologic scoring system was used, where 1 ϭ mild, 2 ϭ moderate, and 3 ϭ severe.
Determination of periarticular bone mineral density (BMD). To determine periarticular bone loss, the skin was removed from both legs (arthritic and nonarthritic), and both the femur and tibia were analyzed using Stratec pQCT XCT Research M software version 5.4B (Norland) at a resolution of 70 m, as described previously (29) . Total, trabecular, and subcortical BMD were determined with metaphyseal scanning performed 0.4 mm from the growth plate, in the proximal direction in the femur and in the distal direction in the tibia. The inner 45% of the bone area was defined as the trabecular bone compartment, and the subcortical-cortical bone compartment was defined as bone with a density of Ͼ400 mg/cm 3 . Cortical BMD was determined with mid-diaphyseal scanning.
Osteoclast staining. Osteoclast numbers in the femur and tibia epiphyses were determined using cathepsin K antibodies (30) . Knee joints were placed in formaldehyde, decalcified, and embedded in paraffin. Sections were cut and treated with H 2 O 2 , protein block (Dako), and an Avidin/Biotin Blocking Kit (Vector). Sections were stained with polyclonal rabbit anti-cathepsin K primary antibodies (1:200 dilution; Abcam), and normal rabbit serum (Dako) was used as a negative control. A secondary horse anti-rabbit antibody was used, followed by incubation with peroxidase substrate (ImmPRESS Reagent Kit and ImmPACT AEC kit; Vector). All sections were counterstained with Mayer's hematoxylin (Histolab). The slides were coded, and the number of osteoclasts (multinucleated cathepsin K-positive cells) per 0.1 mm 2 in the epiphysis was counted.
Tissue collection and flow cytometry. Synovial tissue from 2 arthritic or 2 nonarthritic knees was pooled and placed in RPMI medium (Fisher Scientific). The tissue was resuspended in medium with DNase I (Sigma-Aldrich) and type IV collagenase (Roche) and incubated for 1 hour at 37°C. A single-cell suspension was obtained after the tissue was mashed and passed through a 40-m cell strainer (Becton Dickinson) in 4 ml PBS. Three draining lymph nodes from the arthritic and nonarthritic legs were examined and placed in cold PBS. A single-cell suspension was obtained after the tissue specimens were mashed and passed through a 30-m cell strainer (Becton Dickinson) in 1 ml PBS. Bone marrow cells were harvested from 4 bone compartments per mouse (the distal and proximal parts of the femur from both the arthritic and nonarthritic sides), using a syringe with 5 ml of PBS. The spleens were examined, and single-cell suspensions were obtained after the tissue was mashed and passed through a 70-m cell strainer (Becton Dickinson) in 15 ml PBS. Pelleted cells from bone marrow and spleen were resuspended in Tris-buffered 0.83% NH 4 Cl solution, to lyse erythrocytes, and washed in PBS. The total number of leukocytes was analyzed using an automated cell counter (Sysmex).
Cells from spleen, synovial tissue, lymph nodes, and bone marrow were analyzed using the following antibodies:
, and APC-conjugated anti-colony-stimulating factor receptor (BioLegend).
Intracellular ROS production was determined using dihydrorhodamine 123 dye (Invitrogen), which, after oxidization by ROS, forms the highly fluorescent product rhodamine 123. Formation of rhodamine 123 is monitored by fluorescence excitation and emission wavelengths of 500-536 nm. To quantify the respiratory burst activity, the cells were incubated at 37°C for 15 minutes, in the presence or absence of phorbol myristate acetate (PMA; Sigma-Aldrich). The increase in intracellular respiratory burst activity was determined as the measurement of rhodamine 123 in PMA-stimulated neutrophil and monocyte/macrophage populations minus unstimulated cells (in the same population).
Cells were analyzed using a FACSCanto II system (Becton Dickinson). FlowJo version 8.5.2 software (Tree Star) was used to analyze the data.
Real-time polymerase chain reaction (PCR). RNA was isolated from the homogenate of 2 pooled synovial tissue specimens (from 2 individual mice), draining lymph nodes, bone marrow cells, trabecular bone (the femur epiphysis, containing a minor proportion of articular cartilage and cortical bone), and cortical bone (the femur diaphysis) from both the arthritic and the nonarthritic sides, using an RNeasy kit (Qiagen). The amplifications were performed using a StepOnePlus Real-Time PCR System (PE Applied Biosystems), with Assay-on-Demand primer and probe sets (PE Applied Biosystems) labeled with the reporter fluorescent dye FAM. Predesigned primers and a probe labeled with the reporter fluorescent dye VIC, specific for 18S ribosomal RNA (rRNA), was included as an internal standard. The assay identification numbers were as follows: for RANK, Mm00437135_m1; for RANKL, Mm00441908_m1; for OPG, Mm00435452_m1; for M-CSF, Mm00432686_m1; for IL-17A, Mm00439618_m1; for IL-1␤, Mm00434228_m1; for IL-6, Mm0046190_m1; and for TNF␣, Mm00443258_m1. The amount of messenger RNA for each gene was calculated using a standard curve method according to the manufacturer's instructions (PE Applied Biosystem) and adjusted for 18S rRNA.
Statistical analysis. Student's paired t-test was used for comparisons within mice (arthritic side versus nonarthritic side), and Student's unpaired t-test was used for comparisons between mice. Histologic scoring was performed using an ordinal scale system requiring nonparametric statistical evaluation; therefore, a Mann-Whitney test was used. Statistical calculations were performed using GraphPad Prism Mac 6.0d. P values less than 0.05 were considered significant.
RESULTS
Synovitis and joint destruction in the arthritic joints of mice. Severe arthritis developed in the antigeninjected knee joints, as revealed by massive cellular infiltration into the joint space, synovial inflammation, and joint destruction ( Figures 1A and B) . In contrast, histologic examination of the nonarthritic joints showed no synovial inflammation or joint destruction. The joints from naive nonarthritic mice (in which saline was injected both intradermally and into both knees) showed no signs of either synovial inflammation or joint destruction (data not shown).
Periarticular bone loss and increased osteoclast numbers after AIA induction. BMD in the femur and tibia, on both the arthritic and nonarthritic sides, was assessed using peripheral quantitative computed tomography (QCT). The induction of arthritis was associated with a decrease in total BMD in the metaphyseal region of both the distal femur (Ϫ13%; P Ͻ 0.001) and the proximal tibia (Ϫ7%; P Ͻ 0.001). This decrease was associated with a decrease in trabecular BMD in both the distal femur and proximal tibia (Ϫ30% [P Ͻ 0.001] and Ϫ33% [P Ͻ 0.001], respectively) ( Figures 1C and  D) , while no change in subcortical-cortical BMD was detected (data not shown). Mid-diaphyseal scanning showed no effect of arthritis induction on cortical BMD, in either the tibia or the femur ( Figure 1E ). Trabecular and cortical BMD in the femur and tibia on the nonarthritic side of mBSA-injected mice were similar to the BMD in the femur and tibia of naive mice that were injected with saline (data not shown). Immunohistochemistry was used to determine the number of osteoclasts in the epiphyseal parts of the femur and tibia on the arthritic side compared with the nonarthritic side. Cathepsin K staining of the joint showed a significant increase in the number of osteoclasts in the epiphyseal region of both the tibia (ϩ71%; P Ͻ 0.001) and the femur (ϩ90%; P Ͻ 0.05) on the arthritic side compared with the nonarthritic side ( Figure 1F ).
Increased frequency of inflammatory cells in synovial tissue from arthritic knees.
The synovial cell populations in arthritic and nonarthritic knees were investigated using flow cytometry. Arthritic synovial tissue showed an increased frequency of neutrophils, monocyte/macrophages, and T cells (ϩ201%, ϩ121%, and ϩ75%, respectively; P Ͻ 0.05) compared with nonarthritic synovial tissue (Figures 2A-C) . No difference in B cell frequencies was observed ( Figure 2D ). These findings suggested that neutrophils, monocyte/macrophages, and T cells are recruited to arthritic synovial tissue.
Increased frequencies of preosteoclasts, neutrophils, and monocyte/macrophages in bone marrow from the distal, but not the proximal, part of the femur on the arthritic side. Bone marrow cell populations in the distal and proximal parts of the femur were investigated using a cell counter and flow cytometry. In the distal part of the femur, the bone marrow cell number was increased on the arthritic versus the nonarthritic side (ϩ12%; P Ͻ 0.01) closest to the inflammation, while no difference in the bone marrow cell number was detected when comparing the proximal parts. Bone marrow from the distal part of the femur on the arthritic side displayed increased frequencies of preosteoclasts (ϩ33%; P Ͻ 0.01) ( Figure 3A) , neutrophils (ϩ7%; P Ͻ 0.05) ( Figure 3B) , and monocyte/macrophages (ϩ6%; P Ͻ 0.01) ( Figure  3C ) compared with the nonarthritic side. No differences in the numbers of T cells or B cells were detected ( Figures 3D and E) . Interestingly, there were no differences in any cell population between the nonarthritic and arthritic sides in the proximal part (Figure 3) , suggesting a very local effect on bone marrow cellularity and cell distribution.
Effect of AIA on the gene expression pattern in the vicinity of the arthritic joint. The expression of bone-associated genes in synovial tissue, bone marrow, trabecular bone, and cortical bone from the arthritic side was compared with that in the nonarthritic side. RANK, RANKL, and M-CSF expression was induced in arthritic synovial tissue, bone marrow, and trabecular bone (Table 1) . OPG expression was significantly reduced in arthritic synovia but was not significantly altered in bone marrow or the bone compartments (Table 1) . No alterations in the expression of these bone-associated genes (RANK, RANKL, and M-CSF) were detected in cortical bone ( Table 1) .
The expression of inflammation-associated genes in synovial tissue, bone marrow, trabecular bone, cortical bone, and draining lymph nodes from the arthritic side was compared with that in the nonarthritic side. Expression of IL-17A, TNF␣, IL-6, and IL-1␤ in synovial tissue and bone marrow was increased in the arthritic side compared with the nonarthritic side ( Table 1) . TNF␣ was also increased in trabecular bone (Table 1) . No differences in the expression of inflammation-associated genes were seen in either draining lymph nodes or cortical bone from the arthritic side versus the nonarthritic side (Table 1) .
Systemic immune responses in mice with AIA and naive mice. Splenocytes from mBSA-injected mice showed no alteration in the cellularity or frequency of immune cells, including monocyte/macrophages, neutrophils, and lymphocytes, compared with splenocytes from naive mice injected with saline (data not shown). The counts and frequencies of the inflammatory cells investigated were similar in draining lymph nodes from the arthritic side and those from the nonarthritic side (data not shown).
Induction of intracellular ROS production in myeloid bone marrow cells from the distal, but not the proximal, part of the femur on the arthritic side. Respiratory burst activity was investigated in bone marrow from the proximal and distal parts of the femur, on 
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both the arthritic side and the nonarthritic side. Bone marrow from the distal part of the femur on the arthritic side showed increased respiratory burst activity in both neutrophils (ϩ46%; P Ͻ 0.05) ( Figure 4A ) and monocyte/ macrophages (ϩ272%; P Ͻ 0.01) ( Figure 4B ) compared with the nonarthritic side. There was no change in respiratory burst activity in the proximal part of the femur in the arthritic side compared with the nonarthritic side (Figure 4) . Thus, we concluded that the increase in respiratory burst activity caused by the induction of arthritis is a local event.
Role of NOX-2-derived ROS in periarticular bone loss in mice with AIA. To determine the importance of NOX-2-dependent ROS production in periarticular bone loss, arthritis was induced in B.10QNcf1* / * mice and control B.10Q mice. In both B.10QNcf1* / * mice and control B.10Q mice, severe synovitis and joint destruction developed in the arthritic knee joints, while the nonarthritic joints showed limited synovial inflammation and no joint destruction (Figures 5A and B) . Periarticular trabecular BMD was decreased in the metaphyseal region of both the tibia and femur on the arthritic side (Ϫ22% and Ϫ37%, respectively; P Ͻ 0.01) compared with the nonarthritic side in control B.10Q mice. A similar decrease was observed in the femur and tibia on the arthritic side (Ϫ27% and Ϫ19%, respectively; P Ͻ 0.001) compared with the nonarthritic side in B.10QNcf1* / * mice ( Figures 5C and D) .
DISCUSSION
Bone loss in arthritis is a complex physiologic process and is dependent on several different cell types and cytokines. The inflammation in arthritic diseases may result in different types of bone loss and can cause both generalized bone loss, i.e., osteoporosis, as well as local bone loss, including bone erosions and periarticular osteopenia (2) . The exact mechanism behind inflammation-mediated bone loss is not clearly understood and needs to be further studied in order to 
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facilitate the development of new arthritis-preventing drugs. Several different experimental models are available to study the pathogenesis of arthritis. The murine model of AIA results in local monarthritis, with no generalized bone loss, and has mainly been used to study the pathophysiology underlying synovitis and joint destruction, including bone erosions. In contrast, periarticular bone loss in AIA has been less extensively investigated.
In the current study, we used computed tomography to investigate the effect of AIA on periarticular bone loss. We also evaluated the impact of inflammation on 1) various cell types in synovial tissue, 2) local effects on inflammatory cells in bone marrow, 3) local effects on ROS production in bone marrow, and 4) gene expression in different joint-associated compartments. Furthermore, we used the AIA model to determine the importance of NOX-2-derived ROS for periarticular bone loss.
AIA has many histologic features of RA, including infiltration of inflammatory cells into the joint, synovitis, and joint destruction (27) , and has been shown to be dependent on Th cells as well as synovial macrophages and neutrophils but independent of cytotoxic T cells and B cells (31) (32) (33) . In accordance with this, we observed clear synovitis and joint destruction after the initiation of AIA and increased frequencies of monocyte/ macrophages, neutrophils, and T cells in synovial tissue from arthritic knees compared with nonarthritic knees. Furthermore, expression of the cytokines IL-17A, TNF␣, IL-6, and IL-1␤ was induced in arthritic synovial tissue but not nonarthritic synovial tissue. Induction of these cytokines in synovial fluid from patients with RA has been associated with disease activity (34) (35) (36) . We also observed a significant decrease in periarticular trabecular BMD in both the distal femur and proximal tibia on the arthritic side versus the nonarthritic side, using peripheral QCT.
Periarticular bone loss in the rat model of AIA has been observed using histomorphometry (37) . Similar to the findings of that study, we detected changes only in the trabecular and not in the cortical bone compartment in the metaphyseal regions of the distal femur and proximal tibia; no effects were seen in cortical BMD in the diaphyseal part of the femur or tibia. Trabecular bone has a more porous structure and remodels more actively than cortical bone and therefore is more susceptible to changes such as physiologic status, diet, or drug treatment. It has also been shown that biologic differences between trabecular and cortical bone can be characterized using quantitative PCR (38) (39) (40) . In the current study, we observed significant up-regulation of the osteoclastogenesis-related genes RANKL, RANK, and M-CSF in trabecular but not cortical bone in the arthritic side compared with the nonarthritic side.
The inflammation-mediated bone loss was associated with an increased frequency of osteoclast precursors in bone marrow and an increased number of osteoclasts in the epiphyseal regions of the distal femur and proximal tibia. It has been suggested that mediators originating from inflammatory tissue affect osteoclasts by paracrine mechanisms, because the number of osteoclasts dramatically decreases with growing distance from the affected joint (41) . In accordance with this, we detected effects on the frequency of preosteoclasts only in bone marrow from the distal part of the femur (closest to the inflamed joint) and not in bone marrow from the proximal part of the femur.
We next studied effects of arthritis on inflammatory cells in the bone marrow and observed that these cells were affected by inflammation in a local manner. The frequency of inflammatory cells in bone marrow from the distal but not the proximal part of the femur was increased in the arthritic side compared with the nonarthritic side, with increased frequencies of macrophages, neutrophils, and preosteoclasts in the area closest to the inflamed joint. Thus, inflammation has very local effects on bone marrow cells, suggesting that the factors mediating the effects signal in a paracrine manner. It is well known that there are variations in the transverse direction of bone marrow cell populations within a femur (42) , but such differences in the longitudinal direction have not been previously recognized.
ROS are widely considered to be involved in several destructive conditions; however, ROS may have a dual role. High ROS production in pathologic conditions such as RA increases osteoclast activity, but ROS can also provide hyperoxidative stress and thereby induce apoptosis of osteoclasts (43) . ROS have a primarily proinflammatory role in RA and mediate tissue damage, but low levels of ROS have been shown to have a regulatory function in arthritis (21, 25) . Circulating neutrophils and neutrophils in synovial fluid from patients with RA have increased ROS production due to higher NOX-2 activity (44, 45) . In accordance with this, we observed an increased capability of neutrophils and monocytes to produce intracellular ROS in bone marrow from the distal part of the femur, closest to the inflammation, but not from the proximal part. These data indicate that this effect of arthritis induction on ROS production is strictly local.
To determine the importance of ROS production in periarticular bone loss, we used Ncf1-mutated mice, which are incapable of producing NOX-2-derived ROS. The Ncf1* / * mice displayed no difference compared with their controls regarding arthritis development, including synovitis and joint destruction or periarticular bone loss. Thus, we conclude that ROS production via NOX-2 is not mandatory for the development of arthritis or inflammation-mediated periarticular bone loss in AIA. Mutated Ncf1 has previously been shown to both enhance (26) and reduce (46) arthritis severity in different murine models of arthritis compared with wild-type mice. Hence, ROS production can have different roles depending on the model used. NOX-2 is responsible for the majority of the ROS production, and the Ncf1 mutation results in loss of detectable respiratory burst activity (21, 26, (47) (48) (49) . However, we cannot exclude the possibility that minor ROS production by other oxidases may be involved in the inflammation-mediated bone loss observed in this model.
RA is a complex disease with high heterogeneity among patients (50) , and currently there is no animal model of arthritis that totally reflects the pathogenesis. It is therefore important to choose the appropriate animal model in order to address the question being posed. We show that use of the AIA model is suitable to investigate local inflammation-mediated periarticular bone loss and propose that this model may be useful to increase knowledge regarding local bone loss, not only in RA, but also in other monarthritic diseases, including reactive arthritis and gout. This animal model makes it possible to compare the arthritic and nonarthritic joints in the same animal and is therefore ideal for investigating different antiarthritis therapies and their abilities to protect against local bone loss. Furthermore, the AIA model has no strain restrictions (50) , and by using different genetically modified animals, which may be on different genetic backgrounds, the mechanisms behind local bone loss could be further elucidated.
In conclusion, AIA results in periarticular bone loss associated with local effects on inflammatory cells and osteoclasts. Furthermore, using this AIA model, we determined that NOX-2-derived ROS production is not essential for inflammation-mediated periarticular bone loss. Thus, AIA can be used as a model to investigate the pathogenesis of local inflammation-mediated bone loss, and increased knowledge of the pathophysiology behind such bone loss in arthritis may help in identifying beneficial therapeutic strategies to protect bone in inflammatory diseases.
